Introduction
High power semiconductor disc and DPSS lasers are rapidly replacing gas lasers in applications where high power and excellent beam quality are required. The active element in such systems is often the semiconductor disc laser. This semiconductor disc is otherwise known as an optically pumped vertical external cavity surface emitting laser (VECSEL) [1] . Replacing the optically pumped VECSEL with an electrically pumped device (an EP-VECSEL) will potentially further increase efficiency, reduce packaging and component costs and reduce system volume and increase portability.
The major technological barrier to realising electrically pumped devices of this kind is the compromise necessary in the DBR design. An optical pumping scheme enables the DBR to be designed optimally for low loss and high reflectivity, whereas in the electrical device loss must be sacrificed for low resistivity in order to provide efficient electrical injection and minimal Joule heating. Whilst commercial devices exist [2] there is only just emerging any freely available literature on the design issues relating to these devices, focused on design for mode locked operation [3] . In this paper we describe key design rules and trade-offs in realizing CW room temperature EPVECSELs.
Sample Design and Preparation
The devices, as shown by the schematic in figure 1 , consist of; lower metallisation with disc injection contact, pDBR active, nDBR, n or n + substrate current spreader, top contact with circular window and finally SiO/SiN antireflection coating. External to the semiconductor chip is the curved output coupler mirror (or lens and plane mirror) in order to maintain beam quality for device diameters over a few microns. A circular moat is etched by ICP to define the bottom mesa for hole injection into the active. The DBR regions are based around Al 0.8 Ga 0.2 As and GaAs in order to achieve high contrast and high reliability. Several DBR designs in terms of varying doping and composition profiles have been tested for electrical and optical performance in order to determine a suitable trade-off between optical loss and resistance. The active region consists of 6 strained InGaAs QWs, designed for operation at 980nm, with GaAsP strain compensation layers in order to position sets of three QWs closely at each of the two antinodes of the optical field in the cavity. The n-side current spreader in this design is the substrate. Devices were fabricated on ~2x10 17 and ~2x10 18 doped wafers, thinned to 100-150µm in order to examine the effect of electron spreading from the edge contact to the centre of the device. The n-side emission window is 50µm larger than the p-side contact disc in all cases. Finally, an antireflection coating is applied by CVD in order to improve optical coupling.
Results and Discussion
Due to the one-dimensional nature of the optically pumped disc laser, size scaling has been possible to increase output power into multi-Watt levels. However in the case of electrically pumped devices, electrons are injection from the edges of an emission window and have a restricted lateral diffusion to the centre of the device. This manifests itself as a radial variation in carrier density and therefore gain and emission. In turn, these result in a limit to the size of a device that can maintain a TEM 00 output beam. In figure 2 , it can be clearly seen that the emission size follows the p side mesa size rather than the n side contact window.
Furthermore, limited lateral carrier spreading through the n side starts to limit the uniformity of the emission for sizes above 100 µm. For this design of current spreader, uniform carrier injection homogeneity is maintained over 100µm. The carrier spreading is also found to be independent of current in the range tested (50 to 500mA).
Since these devices are both electrically pumped and designed for substrate emission, the effect of a thermal lens needs to be considered [4] . This lens is formed by a temperature, and therefore index, profile in the material that the light passes through. The effect of this lens is measured by varying the distance of a curved out-coupler mirror and measuring the resultant change in threshold current in both CW and pulsed operation. In pulsed operation a limited range of cavity length is possibly as the whole active area is not utilized (mirror too far) or light is lost outside the active (mirror too close). However, if there is an effective lens Fig. 1 Schematic of the electrically pumped external cavity vertical surface emitting laser. d e d A b s t r a c t s o f t h e 2 0 1 0 I n t e r n a t i o n a l C o n f e r e n c e o n S o l i d S t a t e D e v i c e s a n d M a t e r i a l s , T o k y o , 2 0 1 0 , p p 6 5 -6 6   D -2 -3 present between the active disc and the out-coupler, the stable resonator range is extended. Fig. 3 shows this effect on a 70µm diameter device with a 25mm 90% reflection output coupler.
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Here, the presence of a thermal lens within the device in CW operation has relaxed the tolerance of output coupler alignment by a factor of ten (the stability region is measured here as the distance required to increase threshold current by a factor of two). In order to maximise emission powers, the detuning of the gain band relative to the cavity resonance must be chosen such that they come into alignment at the desired operating current.
However, this point is critically dependent on knowing the junction temperature at the operating current.
As such, thermal performance is measured via its effect on the lattice expansion and index increase on the cavity resonance. Fig. 4 shows the internal temperature as a function of drive current for a 100µm active diameter device Indium bonded onto a Copper submount. A resonance shift of 0.074nm/°C is found around room temperature. The detuning of this device is optimal at 30°C which relates to a drive current of 250mA and 450mA for submount temperatures of 20°C and 0°C respectively. Finally, the LI curves for a 100µm diameter device are shown in fig. 5 at 20°C and 0°C. As expected, performance is significantly higher at 0°C submount temperature due to the non-optimum detuning in this wafer. Nonetheless, 100 mW CW output power is achieved with 0.3W/A slope efficiency using an 80% reflection output coupler mirror.
Conclusion
In conclusion, we have presented details of the design rules and trade offs in the realisation of CW room temperature operating VECSELs. Unlike their optically pumped counterparts, design restrictions due to electrical pumping means consideration of thermal performance is key to achieving CW operation at room temperature. 
